ATPase distributes these ions such that Na + is the most abundant extraceullar ion and K + is the most abundant intracellular ion. Variations in Na + and water affect volume status. Low sodium intake activates volume retention mechanisms necessary to maintain extracellular volume, while the excess of salt and water in physiological conditions is excreted by pressure natriuresis, or in pathological situations results in the formation of edema. In contrast, distribution of K + is in direct relation to dietary intake, intracellular handling, and urinary flow rate. Dietary intake is generally not a cause of alterations in plasma K + . Occasionally, altered handling of K + by cells (e.g. rhabdomyolysis) can lead to hyperkalemia and the development of cardiac arrhythmias and death. Urinary flow rate, however, is the major determinant of the kidney's ability to successfully excrete K + , in such a way that high urinary flow rate favors K + excretion, while low urinary flow leads to K + retention. How the recently discovered With No Lysine (K) kinases (WNKs) are involved in the regulation of the ion transport systems in the distal nephron has become an area of intense research in the past years [for extensive reviews, see 1, 2 ].
The balance of Na + and K + involve the intracellular and extracellular distribution of these ions. The Na + /K + ATPase distributes these ions such that Na + is the most abundant extraceullar ion and K + is the most abundant intracellular ion. Variations in Na + and water affect volume status. Low sodium intake activates volume retention mechanisms necessary to maintain extracellular volume, while the excess of salt and water in physiological conditions is excreted by pressure natriuresis, or in pathological situations results in the formation of edema. In contrast, distribution of K + is in direct relation to dietary intake, intracellular handling, and urinary flow rate. Dietary intake is generally not a cause of alterations in plasma K + . Occasionally, altered handling of K + by cells (e.g. rhabdomyolysis) can lead to hyperkalemia and the development of cardiac arrhythmias and death. Urinary flow rate, however, is the major determinant of the kidney's ability to successfully excrete K + , in such a way that high urinary flow rate favors K + excretion, while low urinary flow leads to K + retention. How the recently discovered With No Lysine (K) kinases (WNKs) are involved in the regulation of the ion transport systems in the distal nephron has become an area of intense research in the past years [for extensive reviews, see 1, 2 ] .
The WNKs are a group of serine/threonine kinases which have been associated with the development of hypertension in humans [3] . Intronic deletions of the WNK1 gene leading to over expression of an otherwise normal WNK1, or missense mutations of the WNK4 gene in a highly conserved acidic region, are the cause of an inherited form of salt sensitive hypertension known as pseudohypoaldosteronism type II (PHA II; also known as familial hyperkalemic hypertension or Gordon syndrome) [3] . This is a rare autosomal dominant disease featuring arterial hypertension, hyperkalemia, and metabolic acidosis [4, 5] . The PHA II clinical picture is the exact mirror image of Gitelman's disease, an autosomal-recessive syndrome featuring hypokalemic metabolic alkalosis with arterial hypotension, that is due to inactivating mutations of the renal thiazide-sensitive Na-Cl cotransporter (NCC) [6, 7] located in the distal convoluted tubule (DCT) [8] [9] [10] . The fact that these syndromes mirror each other and the clinical observation that PHA II can be corrected by low doses of thiazides [4] , led to the proposal that the modulation of NCC by the WNKs could be underlying the pathophysiology of PHA II [11] . Observations from the past few years proved this hypothesis and revealed an important role for WNKs that not only helps explain PHA II, but also helps clarify the molecular nature of salt and/or potassium handling in physiological circumstances and in common clinical syndromes such as congestive heart failure, hypovolemia, primary hyperaldosteronism and hyperkalemia.
The mineralocorticoid hormone aldosterone has been considered for many years a key player in the modulation of Na + and K + transport systems in the distal nephron. Owing to the discovery of WNK kinases, the exact mechanism through which the kidneys are able to carry out different responses to hyperkalemia or hypovolemia, conditions in which aldosterone is elevated, has only recently begun to be elucidated. Aldosterone is secreted when salt needs to be retained (low salt diet/hypovolemia) or when potassium has to be excreted (high potassium diet/hyperkalemia). During volume depletion, the reabsorption of salt is increased, but potassium secretion remains unchanged, allowing for salt retention, without potassium loss. In contrast, during hyperkalemia, potassium secretion is favored in the distal nephron, without greatly modifying the salt reabsorption rate. Thus, potassium is excreted without retaining salt. How the kidneys are able to carry out two distinct physiological responses in two different situations (hypovolemia vs. hyperkalemia) in which aldosterone is increased is known as the aldosterone paradox [12] . How does the kidney recognize the difference between these two states? As we discuss below, it seems likely that what explains how the kidney responds to these two states is the presence or absence of angiotensin II (Ang II), which is elevated in hypovolemia, but not in hyperkalemia, and its regulatory effects on ion transport pathways via WNK4 in the distal nephron.
The distal nephron is defined as the portion of the tubule that is located beyond the macula densa [13] . Changes in salt transport rate in the distal nephron can no longer be compensated by the tubuloglomerular feedback mechanism and thus, have a major effect on salt excretion in the urine. The distal nephron is composed of the DCT, the connecting tubule (CNT) and the collecting duct (CD). The CD receives the fluid from several DCT/CNT segments. Thus, there are many more DCT/CNTs than CDs in the kidney. The DCT can be subdivided into early (DCT1) and late (DCT2) portions based on protein expression and histological differences [13] [14] [15] . Sodium transport pathways in the distal nephron include NCC, which is the target of thiazide-type diuretics, exclusively expressed in the DCT [14, 16] , and the epithelial sodium channel (ENaC), the target of amiloride, which is expressed in DCT2 and along the CNT and CD [14, 15, 17] . The K + transport pathways include the renal outer medullary potassium channels, ROMK, and the flow-dependent large Ca 2+ -activated potassium channels (BK channels), both of which are expressed throughout the distal nephron [18] [19] [20] . WNK1 and WNK4 span the entire distal nephron. There is, however, a short, kidney specific isoform of WNK1 (KS-WNK1), which lacks the kinase domain, that is strategically expressed only in the DCT (see below) [3, 14, 21, 22] . Additionally, another group of serine/threonine kinases known as the STE20-related proline-alanine-rich kinase SPAK and oxidative stress element 1, OSR1 have been shown to lie downstream of WNKs [23, 24] . SPAK and OSR1 are present in the thick ascending limb of Henle and also in the DCT [25] and activation of SPAK/OSR1 by WNKs modulates the interaction/phosphorylation of these kinases with target transporters.
Owing to these expression patterns, there is a clear and understandable relationship between sodium reabsorption and potassium secretion in the distal nephron. Beyond the DCT, in the CNT/CD, potassium secretion is favored by increased flow and sodium reabsorption ( fig. 1 ). This is because the entrance of Na + through ENaC, generates a lumen negative voltage that favors K + secretion through ROMK [19] . Thus, in order to increase potassium secretion, the delivery of sodium to CNT/CD must be increased. This is achieved by inhibiting the up-stream salt reabsorption transporter NCC in the early DCT [26] . Additionally, increased fluid delivery to CNT/ CD will also activate BK channels [27] . It is for these reasons that increased salt and volume delivery to CNT/CD by loop or thiazide diuretics (K + wasting) increase urinary potassium excretion, while the K + -sparing diuretics, such as amiloride that block ENaC, indirectly prevent K + secretion [6, 28, 29] . This interrelation of sodium and potassium handling of the distal nephron also explains the beneficial effect of the Dietary Approaches to Stop Hypertension (DASH) trial [30, 31] in which the best combination to prevent or improve hypertension is the low salt/ high potassium diet, because in order to excrete the potassium excess, salt reabsorption in the DCT must be reduced, thus increasing the renal salt excretion [32] . This exact phenomenon was observed by Palmer's group while studying in rats the effects of low Na + diet with normal K + versus a low Na + diet with low K + . In the low K + group, NCC protein expression increased dramatically, thus decreasing the distal delivery of salt and Na + and inhibiting K + secretion [33] . During normovolemia WNK4 purportedly behaves as an inhibitor of NCC, ENaC, and ROMK [11, 34, 35] . PHA II mutations alter the way in which WNK4 regulates these transport systems. NCC and ENaC are no longer inhibited, and thus, presumably activated, while the inhibition of ROMK is further increased by mutant WNK4 [11, [34] [35] [36] . This increases salt reabsorption while minimizing K + secretion, which explains the hypertension and hyperkalemia that characterize the PHA II pheno- type. This is the extreme, pathophysiological version of what a regulated response to low blood volume should entail. In other words, WNK4 harboring PHA II mutations mimics the neuro-hormonal state required to retain volume in the face of intravascular volume depletion, in which the desired response is to retain salt and volume, without losing K + . Recent evidence supports that Ang II is an activator of NCC [37] [38] [39] and the observation that Ang II switches WNK4's behavior from an inhibitor to an activator of NCC [40] , and further enhances the inhibition of ROMK by WNK4 [41] suggests that PHAII mutations in WNK4 are of the 'gain of function' type, mimicking the effect that Ang II has on NCC and ROMK. Thus, according to this model, PHAII with mutations in WNK4 could be viewed as the consequence of a state of 'hyperangiotensinism' localized to the distal nephron, not because Ang II is elevated, but because the DCT/CNT performs as if Ang II was permanently elevated.
In PHA II patients, due to overexpression of WNK1, the explanation of NCC activation and ROMK inhibition is the following: First, WNK1 directly inhibits ROMK [42] [43] [44] [45] [46] . Therefore, any increase in the expression of WNK1 leads to a dose dependent decrease in ROMK. Additionally, WNK1 is an inhibitor of WNK4, but this effect is in turn prevented by KS-WNK1, the short isoform which lacks the kinase domain and is expressed only in DCT ( fig. 2 ) . Under physiological conditions KS-WNK1 blunts the WNK1 effect on WNK4 and thus NCC is freely inhibited by WNK4 [47, 48] . However, in PHA II patients, the augmented expression of WNK1 increases the ratio of WNK1/KS-WNK1 overcoming the inhibitory effect of KS-WNK1, allowing thus WNK1 to inhibit WNK4, leading to a WNK1-induced activation of NCC ( fig. 2 ) . Thus, hypertension in WNK1 PHAII patients seems to be also the consequence of increased activity of NCC in the DCT, similar to what happens in WNK4 PHA II patients and during hypovolemia.
Another member of the WNK kinase family that by itself can also mimic this neuro-hormonal state of salt retention without potassium excretion is WNK3. This kinase, which is expressed in DCT and CCD, activates NCC [49] and also inhibits ROMK [50] . The interaction/competition between WNK3 and WNK4 with regard to NCC is another potential mechanism for modulation of salt transport rate in DCT [51] .
These rather complex mechanisms of transport regulation are starting to explain the complex clinical manifestations that are observed. In fact, by looking at the a b Color version available online Fig. 2 . a In physiological conditions in the DCT1, the short KS-WNK1 isoform expression is severalfold higher than the long-WNK1 variant. Thus, KS-WNK1 prevents the WNK1-induced inhibition of WNK4, and thus allowing WNK4 to freely inhibit NCC and ROMK. b In contrast, in PHAII due to intronic deletions of the WNK1, the increased expression of the long-WNK1 variant overcomes the inhibition by KS-WNK1 leading to NCC activation, and ROMK inhibition, as a consequence of WNK4 inhibition by WNK1. In addition, the long WNK1 directly inhibits ROMK.
common underlying mechanisms, the kidney's response to various diseases becomes readily apparent ( table 1 ). Diseases that present with low blood volume, be it by direct blood loss or extracellular fluid distribution abnormalities such as chronic heart failure, cirrhosis, nephrotic syndrome and others, have essentially the same underlying problem: decreased mean circulatory filling pressure and decreased urinary flow in the distal nephron. In these patients, the renin-angiotensin-aldosterone system is activated (secondary aldosteronism). Through the mechanisms described above ( fig. 1 ), in secondary aldosteronism there is decreased flow in the distal nephron leading to a volume retentive state which attempts to increase circulating volume, without varying plasma K + . The decreased urinary flow in this part of the nephron favors K + retention by inhibiting the BK channels and indirectly inhibiting the ENaC/ROMK Na + /K + exchange mechanism. Thus, in untreated patients that present with conditions where there is activation of both Ang II and aldosterone, there is an Ang II-WNK4 and aldosterone induced retention of Na + and volume, due to NCC and ENaC activation, but no change in plasma K + levels, because the aldosterone-induced increase in ROMK expression/activity is overcome by the Ang II-WNK4 and WNK1 reduction of ROMK activity, plus the reduced flow and delivery of salt to CNT/CD, due to the increased salt reabsorption in DCT. Because the increase in circulating volume comes at the expense of increasing Na + and water, which is not accompanied by a concomitant increase in oncotic pressure, this leads to fluid accumulation throughout the entire extracellular space which will clinically manifest itself as edema ( table 1 ) .
A completely different situation occurs when aldosterone is increased in the absence of activation of the renin-angiotensin-aldosterone system ( fig. 1 b) . This is what occurs during a high potassium diet or primary aldosteronism, in which there is an increased flow rate in the distal nephron. Aldosterone increases the expression of the serum glucocorticoid kinase 1 (SGK1), which in turn phosphorylates and inhibits a protein known as Nedd4-2 that by ubiquitylating ENaC triggers the internalization and destruction of the channel. Thus, by inhibiting Nedd4-2, SGK1 induces and increase of ENaC expression in the plasma membrane [52] . In addition, by phosphorylating WNK4 in two critical sites, SGK1 will also prevent the WNK4-induced inhibition of ENaC and ROMK, thus releasing the activity of these channels, a condition that favors K + secretion through the ENaC/ROMK exchange mechanism (see above) [35, 53] . Aldosterone is also known to increase NCC protein expression [54] , through regulation of Nedd4-2, a mechanism similar to that of ENaC [55] . Aldosterone mediated increase in NCC, however, would presumably be limited to DCT2, where the abundance of NCC is relatively minor, because DCT1 is not considered as part of the aldosterone sensitive distal nephron due to the absence of 11 ␤ -hydroxysteroid dehydrogenase type 2 that precludes the promiscuous occupation of the mineralocorticoid receptor by cortisol [22, 56] . Hence, although NCC expression is increased in DCT2 in a state of isolated aldosterone secretion, because of the absence of the Ang II, NCC in DCT1 would remain under WNK4 inhibition. This results in increased distal delivery of Na + and volume and activation of ENaC, ROMK and BK channels leading to an increase in of the Na + /K + exchange and thus increased K + excretion. This phenomenon becomes clinically relevant in states of increased aldosterone secretion with decreased activity of Ang II and a consequent increased flow in the distal nephron ( table 1 ) . The day-to-day scenario that emulates this situation is the high K + diet where salt reabsorption in DCT1 is decreased, allowing the Na + /K + exchange in . A pathophysiological version is primary aldosteronism, where an autonomous increase of aldosterone promotes sodium reabsorption and K + secretion by increasing the activity of ENaC and ROMK, respectively. Why these patients do not develop edema, similarly to what happens in patients with secondary hyperaldosteronism, is due to the presence versus absence of Ang II in secondary versus primary aldosteronism. In secondary aldosteronism, as discussed above, Ang II, presumably via WNK4 activates NCC. In contrast, in primary aldosteronism, the fact that NCC is not activated by aldosterone in DCT1 suggests that these patients are still subject to pressure natriuresis. In fact, although NCC is considered to be an aldosterone-regulated protein [54] , during the aldosterone-escape phenomenon, of all the studied transporters in the kidney, NCC is the only one whose expression is actually decreased, despite the continuous administration of aldosterone [57] . Thus, in primary aldosteronism, the reduced activity of NCC in DCT1 keeps the salt balance and because of the increased flow rate provides the salt and volume delivery to CNT/CD producing hypokalemia. In other words, the inhibition of NCC in DCT1 is enough to overcome the ENaC activity, at least to prevent the edema formation, but at the expense of arterial hypertension. This mechanism extends to Cushing's syndrome. When the elevated cortisol in plasma overcomes the capacity of the 11 ␤ -hydroxysteroid dehydrogenase type 2 to degrade it and thus, occupies and activates the mineralocorticoid receptor, as if aldosterone was increased. A similar situation occurs in Liddle's syndrome in which there is a primary increase in ENaC activity due to mutations in the ␤ or ␥ subunits of ENaC that eliminate the PY motif required for Nedd4-2 and ENaC interaction, thus precluding the normal regulation of the channel by Nedd4-2 [58] . The clinical picture of Liddle's syndrome is similar to primary aldosteronism: hypertension with hypokalemia. The increased sodium absorption by ENaC induces hypertension and by pressure natriuresis mechanisms NCC must be inhibited to maintain salt balance, preventing edema formation.
In summary, the integration of the renal molecular mechanisms that are regulated via the WNK kinases has now shed light on an issue that remained obscure for long time. The molecular mechanisms of the interaction between aldosterone and Ang II in the differentiation between volume retention and K + secretion are beginning to be elucidated, providing a better molecular understanding of physiological or pathophysiological processes associated with classical clinical syndromes of salt and potassium metabolism.
